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Abstract Efficient indium tin oxide (ITO)-free inverted
polymer solar cells (PSCs) were fabricated by applying
ultrathin metal transparent electrodes as sunlight incident
electrodes. Smooth and continuous Ag film of 4 nm
thickness was developed through the introduction of a 2
nm Au seed layer. Ultrathin Ag transparent electrode with
an average transmittance of up to 80% from 480 to 680 nm
and a sheet resistance of 35.4 W/sq was obtained through
the introduction of a ZnO anti-reflective layer. The
ultrathin metal electrode could be directly used as cathode
in polymer solar cells without oxygen plasma treatment.
ITO-free inverted PSCs obtained a power conversion
efficiency (PCE) of 5.2% by utilizing the ultrathin metal
transparent electrodes. These results demonstrated a simple
method of fabricating ITO-free inverted PSCs.

Keywords polymer solar cells, ultrathin metal transparent
electrodes, seed layer, anti-reflective layer

1 Introduction

Polymer solar cells (PSCs) have been extensively studied
because of their potential in satisfying the growing
consumption of sustainable energy by mankind [1,2].
Considerable effort has been devoted to the commercia-
lization of PSCs [3]. The power conversion efficiency
(PCE) of PSCs has improved rapidly over the past several
years with the development of new donors [4,5] and
acceptors [6], applications of new device structures [7],
and interface engineering [8–11]. Moreover, the highest
PCE of single-junction PSCs has exceeded 12% [12]. The
indium tin oxide (ITO) electrode is the most widely used
electrode in PSCs because of its high conductivity,
excellent transparency, and compatibility with organic

semiconducting materials, but its high cost and poor
flexibility limits further application [13]. For satisfying the
demand for high conductivity and transparency, low cost,
flexibility, and portability, various new electrodes, such as
conductive oxides [14], conducting polymers [15], carbon
nanotube films [16], graphene films [17], metal nanos-
tructures, and nanowire networks [18,19], have been
studied.
In terms of optical transparency and sheet resistance

(Rs), metal-based transparent electrodes have become a hot
spot because of the highest conductivity of metals
compared with materials at room temperature [20]. Ag is
widely used due to its high conductivity and low refractive
index in the visible region. The thickness of Ag films used
as semi-transparent electrodes invariably exceeds 10 nm,
and Ag films possess a narrowed transmittance spectrum,
decreasing from approximately 70% peak transmittance at
400 nm to below 50% at 800 nm [21]. The poor
transmittance of the material does not meet the high
transmittance demand as sunlight incident electrode in
PSCs. However, when the thickness of Ag film was
reduced to several nanometers, the Ag film becomes
discontinuous and covered with Ag islands because of
“random nucleation” process during thermal evaporation.
To overcome this problem, seed layers, such as Au [22],
Cu [23], and organic films [21], are introduced as a wetting
layer, and smooth, continuous Ag films are obtained with
an ultrathin thickness of 3 nm. Promising results have been
achieved with the ultrathin Ag film transparent electrodes
in organic light-emitting diodes (OLEDs) [24].
In the present paper, we successfully applied an ultrathin

Ag transparent electrode as sunlight incident electrode in
inverted PSCs. Smooth and continuous Ag film with a
thickness of 4 nm was developed through the introduction
of 2 nm Au seed layer on glass. With the successive
deposition of ZnO anti-reflective layer on top of ultrathin
Ag films, we fabricated the ultrathin Ag transparent
electrode with an average transmittance of up to 80%

Received March 16, 2017; accepted May 27, 2017

E-mail: tgl@hust.edu.cn

Front. Optoelectron. 2017, 10(4): 402–408
DOI 10.1007/s12200-017-0713-9



from 480 to 680 nm and a sheet resistance of 35.4 W/sq.
ITO-free inverted PSCs based on polythieno[3,4-b]thio-
phene/benzodithiophene:[6,6]-phenyl C71-butyric acid
methyl ester (PTB7:PC71BM) obtained a PCE of 5.2%
by utilizing the ultrathin metal transparent electrode.

2 Experimental

2.1 Materials

PTB7 and PC71BM were purchased from Solarmer
Materials, Inc. 1,8-Diiodooctane (98%, DIO) was pur-
chased from Sigma-Aldrich. Molybdenum (VI) oxide
(99.95%, MoO3), and silver shot (99.99%) was purchased
from Alfa Aesar. All materials were used as received.
Synthesis of ZnO nanoparticles [25]: a dimethyl

sulphoxide (DMSO) solution (30 mL) of zinc acetate
hydrate (3 mmol) was mixed with an ethanol solution (10
mL) of tetramethy lammonium hydroxide (TMAH) (5.5
mmol) and stirred for 24 h under ambient conditions. ZnO
nanoparticles were precipitated through the addition of
ethyl acetate and dispersed in ethanol. A small amount of
ethanolamine was introduced to stabilize the nanoparticles.

2.2 Optical simulator

The optical simulator is based on a 1D transfer matrix
algorithm [13]. The simulator assumes homogenous media
and optically smooth interfaces.

2.3 Device fabrication

Pure glass substrates were cleaned via sonication in
deionized water and then baked at 120°C for 120 min.
MoO3/Au/Ag electrodes were deposited on glass by
thermal evaporation at a vacuum pressure< 9 � 10–7 torr
and an evaporation rate of 0.1 Å/s. For comparison, ITO/
glass substrates with a sheet resistance of less than 10 W/sq
were cleaned via sonication in detergent, deionized water,
acetone, and isopropanol for 30 min each, and baked ITO
substrates were treated with oxygen plasma for 5 min. ZnO
was spin-coated onto the ultrathin metal transparent
electrode or ITO substrates and baked at 150°C for 30
min. PTB7:PC71BM (1:1.5 by weight, dissolved in
chlorobenzene/1,8-diiodoctane (97:3 vol. %)) were spin-
coated on top of the ZnO layer. MoO3 (10 nm) and Ag
electrodes (80 nm) were deposited onto the active layer by
thermal evaporation, and the metal electrodes possessed an
area of 0.09 cm2.

2.4 Device characterization

Current density–voltage (J–V) characteristics were

recorded by using a computer-controlled Keithley 2400
source meter under an illumination of AM 1.5G
100 mW/cm2 from Newport solar simulator calibrated by
a silicon reference cell.

3 Discussion

In this study, efficient inverted PSCs were constructed by
using ultrathin metal transparent electrode as the incident
electrode. Conventional ITO-based devices were fabri-
cated for comparison. Ultrathin metal transparent electrode
was deposited on glass by simple thermal evaporation.
MoO3 layer was first deposited on the glass substrate, a few
nanometer MoO3 could lead to a more stabilized metal
surface on the glass substrate. According to Fig. S1, 3 nm
MoO3 exerted a negligible influence on the transmittance
of glass. The average transmittance of glass reaches 90%,
and the average transmittance of glass/MoO3 (3 nm) also
remains at 90%.
Atomic force microscopy (AFM) images of glass/

MoO3/Ag (6 nm) and glass/MoO3/Au (2 nm)/Ag (4 nm)
are shown in Fig. 1. The 6 nm Ag film directly deposited
on glass/MoO3 was discontinuous and covered with Ag
islands because of random nucleation during thermal
evaporation, which was consistent with the results reported
by other groups [24,26]. By contrast, a smooth and
continuous 4 nm Ag film was developed when 2 nm Au
was introduced as a seed layer. Au exhibited higher surface
energy than Ag; thus, the introduction of the Au seed layer
could develop a wetting layer for subsequent Ag growth,
and the agglomerate of Ag atoms is weakened. The root-
mean-square (RMS) roughness of MoO3/Au (2 nm)/Ag
(4 nm) film (0.40 nm) is markedly lower than that of
MoO3/Ag (6 nm) (1.07 nm). Moreover, the MoO3/Au (2
nm)/Ag (4 nm) film exhibits a sheet resistance (Rs) of 40.3
W/sq, whereas the MoO3/Ag (6 nm) film was non-
conductive.

Fig. 1 AFM images of (a) glass/MoO3/Ag(6 nm) and (b) glass/
MoO3/Au (2 nm)/Ag (4 nm)
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The histograms of the surface height values obtained
from the AFM images of MoO3/Ag (6 nm) and MoO3/Au

(2 nm)/Ag (4 nm) are presented in Fig. 2(a). The figure
reveals that the 4 nm Ag film with the 2 nm Au seed layer
was more harmonious with an average surface height of
approximately 4.75 nm, whereas the 6 nm Ag film without
the seed layer was discontinuous with Ag islands at a
height of 10 to 15 nm. The isolated Ag islands could
increase the undesired absorption of Ag film caused by
particle plasmon resonances, which would reduce the
transmittance of Ag film. Figure 2(b) presents the
transmittance of glass/MoO3/Ag (6 nm) and glass/MoO3/
Au (2 nm)/Ag (4 nm) from 300 to 800 nm. The
transmittance of 4 nm Ag film with Au seed layer is
markedly higher than 6 nm Ag film after 400 nm. The
average transmittance of glass/MoO3/Au (2 nm)/Ag (4 nm)
from 400 to 750 nm reaches 70%.
The ultrathin metal transparent electrode glass/MoO3/

Au (2 nm)/Ag (4 nm) showed considerably lower
transmittance compared with the ITO electrode. For further
improvement of the transmittance of ultrathin metal
electrode, a ZnO film was introduced to modify the
metal electrode. In the present study, ZnO was selected due
to its advantages of relatively high electron mobility,
environmental stability, high transparency, and easy
synthesis in inverted PSCs; moreover, ZnO was widely
used as dielectric layer in transparent electrode. The effect
of different thicknesses of ZnO film on glass/MoO3/Au/Ag
was modeled, and the results are presented in Fig. 3(a). The
figure indicates that the introduction of ZnO could
substantially improve the transmittance of the metal
electrode with the thickness of ZnO ranging from 10 to
30 nm, and further increase in the thickness of ZnO would
reduce the transmittance of metal electrode in the blue light
region. The simulated transmittance of metal electrode is
superior to the actual measurement results because of ideal
assumption in the simulation process. When used as the
interface layer in polymer solar cell, ZnO is always
approximately 30 nm thick; therefore, we used the ZnO
film with a thickness of approximately 30 nm to modify the

Fig. 2 (a) Histogram of the surface height values for glass/
MoO3/Ag (6 nm) and glass/MoO3/Au (2 nm)/Ag (4 nm); (b)
transmittance of glass/MoO3/Ag (6 nm) and glass/MoO3/Au (2
nm)/Ag (4 nm) from 300 to 800 nm

Fig. 3 (a) Modeled and (b) measured transmission of metal electrode modified by ZnO films
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metal electrode. The actual transmittance of metal
electrode modified by ZnO film is shown in Fig. 3(b).
The measured results matched well with the simulated
results. The ZnO film could function as an antireflection
film, and the transmittance of metal electrode was
markedly improved. The average transmittance of glass/
MoO3/Au/Ag modified by 18, 27, and 39 nm ZnO films is
summarized in Table 1; the 27 nm ZnO modified metal
electrode possessed the highest average transmittance
(79.6%). The metal electrode modified by 27 nm ZnO
film possessed high transmittance (> 80%) from 480 to
680 nm, and the highest transmittance of metal electrode
reached 82%. This finding demonstrated that ZnO with a
thickness of approximately 30 nm could actually improve
the transmittance of metal electrodes.
Figure 4 presents the AFM images of glass/MoO3/Au/

Ag modified by 18, 27, and 39 nm ZnO films. The RMS
and Rs of the metal electrodes modified by ZnO films of
different thicknesses are summarized in Table 1. With the
increase in ZnO thickness, the RMS and Rs of metal
electrode both increased. Compared with pure metal
electrode, the RMS of 27 nm ZnO modified metal
electrode slightly increased to 0.81 nm, whereas the Rs

of MoO3/Au/Ag/ZnO decreased to 35.4 W/sq. The 27 nm-
thick ZnO film-modified metal electrode possessed the
highest transmittance, a smooth surface, and relatively low
Rs. Therefore, we selected 27 nm ZnO as the anti-reflective
layer to modify the ultrathin metal transparent electrode.
For investigating the effect of ultrathin metal electrode,

inverted PSCs were fabricated with a construction of glass/
MoO3/Au/Ag/ZnO/PTB7:PC71BM/MoO3/Ag, and the
ultrathin metal electrodes were used as cathode. In

addition, the structure of the metal electrodes based
devices is illustrated in Fig. 5(a). The chemical structures
of PTB7 and PC71BM are shown in Fig. S2. The
commonly used devices, that is, glass/ITO/ZnO/PTB7:
PC71BM/MoO3/Ag, were also constructed as standard
devices. For improved device performance, a good ohmic
contact between cathode and the lowest unoccupied
molecular orbital (LUMO) energy of PC71BM is required.
The work function of MoO3/Au/Ag/ZnO is obtained from
scanning Kelvin probe microscope (SKPM), and highly
oriented pyrolytic graphite (HOPG, work function: 4.6 eV)
was used as reference. The energy level diagram of metal
electrode-based devices is provided in Fig. 5(b). The work
function of ZnO modified by metal electrode is 4.3 eV,
which approached the LUMO energy of PC71BM; thus, the
electrons could be well extracted to the metal cathode.
The J–V curves obtained under the illumination of AM

1.5G 100 mW/cm2 for the PTB7:PC71BM PSCs and using
different incident electrodes are presented in Fig. 6(a), and
the detailed device parameters, including open circuit
voltage (VOC), short-circuit current density (JSC), fill factor
(FF), and PCE, are summarized in Table 2. The PTB7:
PC71BM PSCs based on ultrathin metal electrode achieved
a PCE of 5.20%, with a VOC of 0.71 V, JSC of
11.67 mA/cm2, and FF of 62.8%. The ITO-based devices
achieved a PCE of 7.01%. The VOC of metal electrode
based devices was similar to those of ITO-based devices,
implying that the ZnO-modified metal electrode could
satisfactorily function as cathode in the PSC.
Figure 6(b) presents the transmittance and Rs of different

electrodes. The JSC of the PSC is relevant to the absorption
intensity of incident sunlight in the active layer, whereas

Fig. 4 AFM images of glass/MoO3/Au/Ag modified by (a) 18, (b) 27, and (c) 39 nm ZnO

Table 1 Average transmittance, RMS, and Rs of glass/MoO3/Au/Ag modified by 18, 27, and 39 nm ZnO

thickness/nm transmittance/% RMS/nm Rs/(W$sq–1)

0 69.5 0.40 40.3

18 77.6 0.78 35.3

27 79.6 0.81 35.4

39 75.1 0.83 44.0
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abundant sunlight is lost in metal electrode-based devices
because of the lower transmittance compared with that of
the ITO electrode. Therefore, the metal electrode-based
devices only achieved a moderate JSC. The AFM images of
ITO substrates and ZnO films deposited on ITO substrates
are shown in Fig. S3. The ZnO film deposited on metal
electrode possessed a more homogenous surface than the
film deposited on the ITO electrode. The RMS of MoO3/
Au (2 nm)/Ag (4 nm) film (0.40 nm) is markedly lower
than that of the ITO film (4.05 nm). Moreover, the ZnO
film deposited on metal electrode (RMS: 0.81 nm) is
smoother than ZnO film deposited on ITO substrates
(RMS: 1.84 nm), which is beneficial for the contact
between active layer and ZnO interface layer. However, the
sheet resistance of metal electrode (40.3 W/sq) is higher
than that of the ITO electrode (9 W/sq), negatively
influencing FF for higher series resistance in metal
electrode-based devices. Thus, the FF of metal electrode-
based devices and ITO-based devices was approximate.

4 Conclusions

In conclusion, ultrathin metal transparent electrodes were

constructed by simply thermal-evaporating several nan-
ometers of Ag. The introduction of a 2 nm Au seed layer
facilitated the development of a continuous Ag film with
only 4 nm Ag. Glass/MoO3 (3 nm)/Au (2 nm)/Ag (4 nm)
possessed a more homogenous surface than ITO glass.
ZnO film could not only improve the transmittance of
metal electrode but also modify the work function. The 27
nm ZnO film-modified metal electrode exhibited an
average transmittance of up to 80% from 480 nm to 680
nm, and the ultrathin metal electrode could be directly used
as cathode in PSCs without oxygen plasma treatment. A
PCE of 5.20% was achieved in PTB7:PC71BM-based
PSCs. Our results demonstrated a simple method to
fabricate ITO-free inverted PSCs.

Fig. 5 (a) Device structure and (b) energy level diagram of
ultrathin metal electrode-based inverted polymer solar cells

Fig. 6 (a) J–V curves obtained under the illumination of AM
1.5G 100 mW/cm2 for the PTB7:PC71BM PSCs with different
incident electrodes; and (b) transmittance and Rs of different
electrodes

Table 2 Detailed devices parameters for the PTB7:PC71BM PSCs with different incident electrodes

cathode VOC/V JSC/(mA$cm–2) FF/% PCE/%

glass/MoO3/Au/Ag 0.71 11.67 62.8 5.20

ITO 0.71 14.97 66.0 7.01
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